INTRODUCTION
Nematodes show exceptional abundance among eukaryotes, composing 80% of all animals numerically [1] , and demonstrate a great variety of lifestyles [1, 2, 3] from free-living bacterivores to obligate parasitic forms [2, 3, 4] . Within the framework of such lifestyle diversity, they have managed to forge a myriad of associations with viruses, bacteria, fungi, and eukaryotic animals including invertebrates and vertebrates. Because both aquatic nematodes and bacteria dwell in the sediment environment and both show numerical dominance, intuitively, we can surmise that they must encounter each other more often than other organisms. The question is whether this encounter can translate to some sort of long-term association. However, our knowledge of nematode-bacterial associations is limited. The literature shows a number of specific nematode-bacterial associations that are explored in depth.
The first is that of the two families of entomopathogenic nematodes, Steinernematidae and Heterorhabditidae, and their bacterial symbionts, both of which are extensively studied for their potential applications in agriculture and recently as model systems for symbiosis, sediment ecology, and evolutionary biology [5] . The second is the endosymbiont Wolbachia and the filarial worms. These are studied for their role in human diseases [6] and Wolbachia, more generally, for its role in behavior and gender modification of hosts [7] . The third is the marine nematodes with chemoautotrophic or methanotrophic bacteria, which are studied for their unique associations enabling them to take advantage of the different metabolic pathways available to their symbionts [8, 9, 10] . The remaining, relatively limited studied, focus on plant parasitic and free-living nematodes and their associated bacteria [11, 12, 13, 14] . Of these the most recent additions are the exploration of the microbiome of free-living nematode Litoditis marina complex by Derycke et al. [15] and the most comprehensive look at the microbiome of the model species -Caenorhabditis elegans (Maupas) [12, 13, 14] . The extensive data accrued on C. elegans has opened unprecedented opportunities to explore the role of associated microbiome on nematode fitness using genetic tools. The limited look at microbiome of this model species has already revealed that individuals of this species isolated from seemingly unrelated and dissimilar habitats from distant geographic locations harbored a distinct signature microbiome commonly [14] . Available data also shows that some microbes help with host immunity and help protect nematodes from infective bacteria and fungi, while others enhance growth and reproduction. Overall, associated microbiome enhances nematode fitness and the association appears to be complex evolutionary interaction and how this is done will need to be elucidated in more detail.
Until recently a major challenge to exploring nematode-bacterial associations had been the fact that methods of study largely relied on sequencing cultivable bacteria and yet the overwhelming majority of bacteria remain uncultivable [16, 17] . This made it difficult to identify most bacterial associations in individual nematodes taken from environmental samples through isolating bacteria on agar plates and subsequent PCR amplification and 16s rRNA sequencing. Fortunately, recent advances in molecular approaches, including the 16s rRNA PCR amplification of lysed individual nematodes from environmental samples, has made identifying novel associations possible. However, PCR inhibitors stemming from the environment and relatively low copy number sequences of some bacterial species make metagenomic analysis of bacteria associated with nematode individuals still difficult [18, 19, 20, 21] . Multiple Displacement Amplification (MDA) is one proposed method for dealing with complex environmental samples. Gonzalez et al. [18] was able to show that a MDA-PCR protocol can generate PCR products from bacterial concentrations ≥ 10 fold lower and at concentrations of fulvic acid 10 fold greater than standard, direct PCR. Yokouchi et al. [19] and Martinez-Garcia et al. [20] have also used (MDA) in a marine environment as a pre-PCR step to address these issues and aid in identifying bacterial associations with coral [19] and protists [20] respectively. We recognize that these recent works [12, 13, 14, 15] employ molecular tools most appropriate in that they provide a relatively more comprehensive information on the microbial communities. We, however, also recognize that in the absence of high throughput marker gene-based metagenomic sequencing, a combination of methods including multiple displacement amplification (MDA) followed by PCR, and denaturing gradient gel electrophoresis (DGGE) using marker genes provide useful information on the microbiome of these little explored free-living nematodes. Furthermore, in these studies the association is seen from the vantage point of benefits to the hosts. However, how sediment microbial diversity, dynamics and community structure is impacted by the numerically dominant group -the nematodes -in natural habitats is an angle worth exploring in future studies.
Here we report bacterial community profile associated with two estuarine nematode species. We fully recognize that our findings do not extend to pinpointing the type and strength of the putative associations. However, we feel that identifying the existence of specific associations is the first step toward investigating the implications of those associations in terms of the ecological niche of these nematode taxa. In turn, future enriched concepts will enlighten on how these associations enhance fitness of individual taxa, and how often observed high biological diversity in nematode communities is related to community structuring and functional resilience. Roanoke Sound, Croatan Sound, Pamlico Sound, and Albemarle Sound. It is a dynamic inlet where waves, currents and coastal storms occur frequently. It is composed of mostly sandy marine sediments [22] , and has had very limited research done on its microbial community.
MATERIAL AND METHODS

Sample collection
We collected sediment samples using a corer to a depth of 0.2 m. at sites about one meter deep where sediment is permanently covered by water. Samples were placed in polyethylene bottles and kept in ice-filled cooler to reduce degradation and were transported to our laboratory at Elizabeth City State University about one hour and half away from the sampling site.
Nematode Isolation
Sediment samples were extracted following the centrifugal-floatation technique using Ludox, i.e. 50% silicasol colloid solution, and were retained using a 38 μm sieve. Nematodes were then rinsed off the sieves with sterile water into sterile petri dishes. Nematodes were then identified under a 40X magnification dissecting microscope (Olympus SZX10 Stereomicroscope) microscope. This step was facilitated by our prior sampling and preliminary taxonomic investigation of the nematode community which showed that three taxa, Anticoma, Daptonema, and Metachromadora were numerically dominant at the site. Our microbiome investigation was limited to two taxa -Anticoma and Daptonema.
Culturing of nematode associates and sediment bacteria
Ten individuals from each nematode genus were surface sterilized using 0.1% bleach for 30 seconds, squashed in 100 µL of sterilized water and then spread on nutrient agar plates (Difco Laboratories). Sediment isolates were obtained by standard serial dilution of 1 g of sediment. Sediment was mixed with 10 mL of sterile water and serially diluted until a 10 -10 solution was obtained. One hundred µL of each dilution were spread on nutrient agar plates. Plates were allowed to grow for 48 h at 20°C (± 2). Seventy-two distinct colonies were randomly selected from squashed nematode and sediment bacterial plates. Each colony was then used to inoculate LB broth (U.S. Biological) and incubated for 24 h at 20°C (± 2).
DNA isolation of cultured isolates:
DNA was isolated using a MoBio UltraClean DNA isolation kit according to manufacturer's guidelines. Extraction of DNA was confirmed by electrophoresis in a 1% agarose gel (MoBio UltraClean Agarose) stained with 1% (v/v) ethidium bromide and observed using a Foto/phoresis UV transilluminator (Fotodyne). Our DNA samples were then amplified using a Taq PCR Master Mix Kit (Qiagen) and universal primers for 16s rDNA (27F 5'-3' AGAGTTTGATCCTGGCTCAG and 1492R 5'-3' GGTTACCTTGTTACGACTT) in a Techne TC-3000 thermocycler [23] . PCR conditions were set for 94°C for 2 min followed by 30 cycles at 95°C for 30s, 63°C for 30s, and 72°C for 1 min. Our PCR products were visualized using electrophoresis methods as stated above and compared to an exACTGene 1kb DNA ladder (Fisher Scientific). Our PCR products were cleaned using a MoBio UltraClean PCR clean-up kit (MoBio) following manufacturer's protocol.
Multiple displacement amplification-Polymerase Chain Reaction-denaturing gradient gel electrophoresis (MDA-PCR-DGGE)
Ten individuals from each species were surface sterilized using 0.1% bleach for 30 seconds and then squashed in 5 µL of TempliPhi sample buffer. Samples were incubated at 95°C for 3 min and then cooled to 4°C. The TempliPhi reaction mixtures (Fisher Scientific) were then added according to the manufacturer's protocol, and solutions incubated for 18 h at 30°C. The solutions were then heated to 65°C for 10 min to deactivate the enzyme mixture and stored at -20°C for downstream applications. Following MDA, samples were amplified using universal DGGE bacterial primers (5'-ATGGCTGTCGTCAGCT-3' CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCCCCGCCCCACGGGCGGTGTGTAC-3') that include a 40-base GC clamp and correspond to E. coli positions 1055 to 1070 and 1392 to 1406 respectively [24] in a Techne TC-3000 thermocycle. PCR conditions were set for 94°C for 2 min followed by 30 cycles at 95°C for 30 seconds, 53°C for 30 seconds, and 72°C for 1 min. Our PCR products were visualized using electrophoresis and compared to an exACTGene 100bp DNA ladder (Fisher Scientific). Our PCR products were cleaned using a MoBio UltraClean PCR clean-up kit (MoBio) following manufacturer's https://doi.org/10.4322/nematoda.012018
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Microbiome of aquatic nematodes 4/14 protocol. Samples were then run on an 8% polyacrylamide gel with a 45% to 65% denaturing gradient (formamide/ urea) in a DCode Universal Mutation Detection System (BioRad Laboratories) containing 1x TAE buffer (0.04 M Tris base, 0.02 M sodium acetate, and 1.0 mM EDTA) at 37°C overnight according to manufacturer's protocols. Gels were then stained in 1X SYBR Gold (Life Technologies) nucleic acid stain solution for 15 min. and pictures taken using a ChemiDoc XRS+ System transilluminator (BioRad Laboratories). Bands of interest were then excised and placed in 25 µL of 1x TBE (89mM Tris base, 89mM Boric acid, 2 mM EDTA) buffer solution overnight. Five µL of each solution were then PCR amplified using our DGGE primers and amplification confirmed using electrophoresis and exACTGene 100bp DNA ladder (Fisher Scientific). Our PCR products were cleaned using a MoBio UltraClean PCR clean-up kit (MoBio) following manufacturer's protocol and sent to Retrogen Inc. (San Diego, CA) for sequence analysis using an ABI 3730 sequencer (Applied Biosystems). Consensus sequences were obtained using DNAbaser (Heracle BioSoft SRL) sequence assembler software. Consensus sequences were entered into BLAST and their closest match with >97% sequence similarity taken.
Phylogenetic analysis
Phylogenetic analysis was done with Molecular Evolutionary Genetics Analysis 6 (MEGA 6) software [25] . Sequences were aligned using the multiple sequence alignment method (MUSCLE) [26] and a Neighbor-Joining tree constructed [27] with 1000 bootstrap repetitions.
RESULTS AND DISCUSSION
Comparison of squash plating and MDA-PCR-DGGE in the identification of nematode-bacterial associations
We sequenced a total of 72 cultured bacterial isolates: 15 from Daptonema sp., 41 from the Anticoma litoris Chitwood, and 16 from the sediment. More isolates were taken from A. litoris due to higher morphological variety in bacterial colonies.
Class diversity of cultured isolates was limited. Cultured associates of the Daptonema sp. and A. litoris consisted of similar percentages of Gammaproteobacteria and Bacilli while those cultured from sediment samples also included Betaproteobacteria (Figures 1, 2, 3) .
Identification of bacterial associates using only 16S rRNA sequence analysis was limited to the genus level. This is because the traditional match cut-off value of 98.7% for species identification may not differentiate between species that differentiate by only a few base pairs. It has also been shown that there may be intra-specific variations greater than 1.3% [28] . We believe that a multi-gene or genomic approach would be more appropriate for species level identification.
BLAST results revealed that at the genus level, cultured isolates from Daptonema sp. were more diverse with 6 genera (Table 1) . Anticoma litoris had 4 isolates with only Staphylococcus sp. not found in Daptonema sp. Serratia sp., Bacillus sp., Staphylococcus sp., and Lysinbacillus sp. were associated with both Daptonema sp. and A. litoris (Table 2) . Genera from the sediment consisted mostly of Acinetobacter sp. and Ralstonia sp. which were not shown to be associated with our Daptonema sp. or A. litoris (Table 3) .
From our cultured results, A. litoris and Daptonema sp. showed similar microbiome composition at the class taxonomic category level, but both varied greatly from the microbiome of the sediment sample (Figure 4 ). Genera sequenced from Daptonema sp. were Pseudomonas sp., Pantoea sp., Enterobacter sp., Francisella sp., Paenibacillus sp., Propionibacterium sp., chloroplast, and an unidentified bacterium (Table 1) . Sequences from the A. litoris associated bands were identified as Simkania sp., Neisseria sp., Pseudomonas sp., Serratia sp., Bacillus sp., and Propionibacterium sp. (Table 2 ). Associates of Daptonema sp. isolated from DGGE bands consisted of 3 classes of bacteria, chloroplasts, and an unidentified bacterium. The most common isolates were Gammaproteobacteria, followed by Actinobacteria, then chloroplasts, Bacilli, and unidentified bacterium. Sequenced bands associated with A. litoris revealed Gammaproteobacteria, Actinobacteria, Chlamydiae, Bacilli, and Betaproteobacteria ( Figure 5) .
Overall, as expected, we found the MDA-PCR-DGGE method to be superior at identifying nematode bacterial associates than the culturing method. Number of genera isolated from A. litoris increased from 4 to 6 and those from Daptonema sp. increased from 6 to 8. This included members of the Actinobacteria, Betaproteobacteria, and Chlamydiae for A. litoris, and Actinobacteria, chloroplast DNA, and for Daptonema sp. Though the MDA-PCR-DGGE method increased the overall number of genera identified, we were unable to isolate 3 genera, Bacillus, Lysinibacillus, and Stenotrophomonas, that were isolated from squash plating. Our alignments showed that most Bacilli sequences from the culturing method including Bacillus, Lysinibacillus, Paenibacillus, and Staphylococcus, had imperfect match with our forward primer selection (5'-ATGGCTGTCGTCAGCT-3'). It is possible that Bacilli became underrepresented in our MDA-PCR-DGGE results because the used primer differed by one base in the 5 ' direction (Escheria coli position 1059). The two Paenibacillus sp. and one Staphylococcus sp. sequence were compatible with our forward primer and may represent separate strains. We do not know if our inability to isolate Stenotrophomonas sp. from the DGGE gels was due to chance or methodology. Given our results, we suggest using multiple methods and multiple primers to ensure that major groups are not underrepresented. In light of this, it is plausible that previous microbial reports using DGGE and a single primer may be significantly biased.
Associations Daptonema
Chloroplast sequences associated with Daptonema sp. indicate the herbivore nature of this taxon. Other groups exclusively associated with Daptonema sp. were Stenotrophomonas and Pantoea. This later is known to both cause [29] and suppress disease in plants [30] . Stenotrophomonas spp. are known to have a particular close association with plants which include biocontrol, promoting plant growth, as well at pathogenesis in plant parasitic nematodes and others [31] . Pseudomonas was found to be associated through sequenced bands from our DGGE gel and has been shown to be mutualistic with plant parasitic nematodes [32] . Pseudomonas-nematode relationships have been shown to be species and strain specific. Pseudomonas has also been shown to be pathogenic to nematodes [33, 34] as well as mutualistic with C. elegans in multi-species environments [35] . Paenibacillus has been shown to be Microbiome of aquatic nematodes 10/14 associated with plants [36, 37] and suppress nematodes [38, 39] , but has also been shown to have phoretic associations with nematodes [5, 40] .
An interesting associate of Daptonema sp. discovered from our DGGE bands was Francisella.
This bacterial genus is a yet uncultivated pathogenic endosymbiont phylogenetically closest to the intracellular symbiont genus Wolbachia [41] , suspected to use vectors for transmission and as a reservoir [42] . As a result, although we are not able to predict the kind of association this microbe maintains with the nematode, the existence of the slightest possibility that the host may serve as an environmental reservoir for Francisella makes it an interesting topic warranting further investigation. [43] . This coupled with possible incomplete elongation due to the GC clamp used in gradient gels [44] may be responsible for multiple Serratia bands within individual nematodes. Comigrating bands in multiple individuals in our A. litoris DGGE gel, the large number of cultured isolates from A. litoris, and the limited number of isolates from Daptonema sp. (1 cultured isolate) and the fact that we did not detect it from sediment may suggest that the group maintains complex associations and would make it a candidate for further investigation.
The genera Bacillus, Staphylococcus, and Lysinbacillus were mostly isolated from our A. litoris using culturing methods due to PCR-DGGE primer bias. Phylogenetic analysis and best match in GenBank suggest that these Bacilli isolates are varied at the species level. Though we could not compare the abundance of these Bacilli using MDA-PCR-DGGE due to primer bias, we believe these Bacilli may be overrepresented due to culturing bias [45] . Staphylococcus may be specific to Anticoma litoris, but further molecular studies using a different primer set are necessary to elucidate these relationships.
Simkania sp. was found to be associated with Anticoma. It is a member of the Chlamydiae and an obligate intracellular parasite. It has been commonly found associated with insects and amoeba. We sequenced it only from one individual, with bands that comigrated with Serratia. This relative rare occurrence begs to ask whether it is a common associate with A. litoris or if it is transient.
Pseudomonas and Propionibacterium were part of the microbiome of A. litoris and Daptonema sp.. Sequenced bands from both taxa were excised from multiple individuals and those individuals in which a band was not excised showed comigration in multiple individuals. Pseudomonas has been shown to maintain complex association with nematodes: it has been shown to be pathogenic to some nematodes [33, 34] , but has been shown to be mutualistic in Pine Wilt Nematodes [32] and C. elegans [35] . The type of relationship between Pseudomonas and the two aquatic species is unresolved, but does not appear to be nematode specific.
From the little we know about free-living nematode-bacterial associations, there is evidence that some bacteria such as Stenotrophomonas, a taxon we found associated with Daptonema sp., are known to colonize C. elegans intestine and are not transient in the nature of their association. Some such as Enterobacter, a taxon detected in association with Daptonema sp., and Pseudomonas , a taxon we detected in association with A. litoris, are known to confer fitness to C. elegans. In both cases, the host worm, C. elegans, was shown to be protected from pathogenic strains of bacteria.
CONCLUSIONS
Overall, although our data is limited with the framework of the methods used, it appears to show that the two aquatic nematodes have specific microbiome that may allow them to occupy specific ecological niches. We show that Daptonema sp. has close relationship with algae and a community of bacteria, whilst our analysis of A. litoris revealed primarily bacterial microbiome. Further studies should elucidate these nematode bacteria associations, and how they fit within the context of the coastal environment and within dynamic sediment processes.
